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            Abstract
The human genome contains thousands of long non-coding RNAs1, but specific biological functions and biochemical mechanisms have been discovered for only about a dozen2,3,4,5,6,7. A specific long non-coding RNAâ€”non-coding RNA activated by DNA damage (NORAD)â€”has recently been shown to be required for maintaining genomic stability8, but its molecular mechanism is unknown. Here we combine RNA antisense purification and quantitative mass spectrometry to identify proteins that directly interact with NORAD in living cells. We show that NORAD interacts with proteins involved in DNA replication and repair in steady-state cells and localizes to the nucleus upon stimulation with replication stress or DNA damage. In particular, NORAD interacts with RBMX, a component of the DNA-damage response, and contains the strongest RBMX-binding site in the transcriptome. We demonstrate that NORAD controls the ability of RBMX to assemble a ribonucleoprotein complexâ€”which we term NORAD-activated ribonucleoprotein complex 1 (NARC1)â€”that contains the known suppressors of genomic instability topoisomerase I (TOP1), ALYREF and the PRPF19â€“CDC5L complex. Cells depleted for NORAD or RBMX display an increased frequency of chromosome segregation defects, reduced replication-fork velocity and altered cell-cycle progressionâ€”which represent phenotypes that are mechanistically linked to TOP1 and PRPF19â€“CDC5L function. Expression of NORAD in trans can rescue defects caused by NORAD depletion, but rescue is significantly impaired when the RBMX-binding site in NORAD is deleted. Our results demonstrate that the interaction between NORAD and RBMX is important for NORAD function, and that NORAD is required for the assembly of the previously unknown topoisomerase complex NARC1, which contributes to maintaining genomic stability. In addition, we uncover a previously unknown function for long non-coding RNAs in modulating the ability of an RNA-binding protein to assemble a higher-order ribonucleoprotein complex.
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                    Fig. 1: NORAD directly binds many nuclear proteins in living cells.[image: ]


Fig. 2: NORAD and RBMX are present in the nucleus, affect chromosome segregation and interact via a distinct sequence element.[image: ]


Fig. 3: NORAD modulates RBMX and is essential for assembly of a topoisomerase complex.[image: ]


Fig. 4: Depletion of NORAD and NARC1 components affects replication-fork velocity and cell-cycle progression.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 RNA antisense purification of RMRP and NORAD transcripts.
RTâ€“qPCR measurements of RNA yield in RMRP and NORAD RAP MS experiments. Columns represent the mean of two biological replicate experiments, individual data points are shown.


Extended Data Fig. 2 Subcellular localization of NORAD and analysis of NORADâ€“protein interactions with DNA damage.
a, smRNA FISH of GAPDH, NORAD and MALAT1 in wild-type HCT116 cells. GAPDH, cytoplasmic reference; MALAT1, nuclear reference. Actin is stained with Alexa Fluor 647-conjungated phalloidin. Scale bar, 20â€‰Î¼m. Images are representative of one experiment; three independent experiments were performed. b, Quantification of smRNA FISH experiments. Circles show medians; box limits, 25th and 75th percentiles; whiskers, 1.5Ã— interquartile range; polygons, extreme values. Method 1: phalloidin-aided cell boundary detection using the watershed method. Method 2: proximity-based cell boundary detection using the distanceÂ âˆ’Â N method in Cell Profiler. Sample sizes: GAPDH method 1, nâ€‰=â€‰369; GAPDH method 2, nâ€‰=â€‰369; NORAD method 1, nâ€‰=â€‰299; NORAD method 2, nâ€‰=â€‰299; MALAT1 method 1, nâ€‰=â€‰229; MALAT1 method 2, nâ€‰=â€‰229. c, Subcellular fractionation of HCT116 cells. Lamin B2 and Î±-tubulin serve as controls for nuclear and cytoplasmic fractions, respectively. Western blots are representative of one experiment; three independent experiments were performed. d, RTâ€“qPCR measurements of relative RNA levels in nuclear and cytoplasmic extracts. Quantification relative to GAPDH. Percent nuclear extract is calculated relative to the total signal observed in nuclear and cytoplasmic fractions. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰3). e, RTâ€“qPCR measurements of NORAD expression upon doxorubicin, camptothecin or ultraviolet treatment in NORAD wild-type or knockdown cells. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰4). f, Western blot of NORAD RAP experiments with or without DNA damage. Western blots are representative of one experiment; three independent experiments were performed. g, RTâ€“qPCR measurements of RNA yield in NORAD RAP experiments. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰3).


Extended Data Fig. 3 Analysis of NORAD knockdown, NORAD conservation and NORADâ€“protein interactions.
a, RTâ€“qPCR measurements of NORAD, RBMX and PUM2 CRISPRi knockdown and NORAD rescue experiments. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰3). b, Differentially expressed genes in RNA-sequencing experiments from NORAD CRISPRi knockdown cells. c, Quantification of chromosome segregation errors in PUM2 wild-type or knockdown cells. One hundred anaphases were scored for each condition. Columns represent the mean of two biological replicate experiments, individual data points are shown. d, Histogram of RBMX-binding-site length in CLIP experiments. e, Multiple sequence alignment of NORAD transcripts, assembled de novo from RNA-sequencing data from 11 mammalian species. Only transcribed sequences are shown. Blue bar indicates RBMX-binding site in human NORAD. Alignment colour scheme: A, orange; C, blue; T, green; G, red. f, CLIP data plotted across NORAD RNA for RBMX, FUBP1, FUBP3 and PUM1. RBMX SM input library is shown. Representative alignments from two biological replicates are shown. g, RBMX RIP in nuclear and cytoplasmic fractions. The percentage of nuclear RIP signal is calculated relative to the total signal observed in nuclear and cytoplasmic fractions. h, Immunofluorescence imaging of RBMX in HCT116 cells. Scale bar, 20â€‰Î¼m. Representative images from three biological replicates are shown. i, Left, RTâ€“qPCR measurements of NORAD RNA levels in nuclear and cytoplasmic extracts under RBMX CRISPRi wild-type or knockdown conditions. The percentage of nuclear NORAD is calculated relative to the total signal observed in nuclear and cytoplasmic fractions. Right, RTâ€“qPCR measurements of RBMX CRISPRi knockdown. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰3).


Extended Data Fig. 4 Analysis of RBMX proteinâ€“protein interactions and their dependency on NORAD.
a, Ranked list of NORAD-dependent RBMX-interacting proteins identified by quantitative co-IP MS (Supplementary TableÂ 4) and their respective rank in NORAD RAP MS experiments. b, Western blot of two independent NORAD RAP experiments with or without crosslink. Antibodies were pooled and incubated with the same membrane. Corresponding size regions were cropped for simplicity of presentation. c, Western blot of levels of TOP1, RBMX, PRPF19, CDC5L, BRCA1 and BRCA2 proteins in NORAD wild-type and knockdown cells from two independent experiments. Î²-actin serves as loading control. d, CLIP data plotted across NORAD RNA for RBMX and ALYREF. RBMX SM input library is shown. Representative alignments from two biological replicates are shown. e, Co-IP western blot for TOP1, ALYREF, CDC5L, RBMX and IgG control. Inputs are shown on the right. Western blots are representative of one experiment; three independent experiments were performed. f, Western blot of Flagâ€“RBMXâ€“V5 co-IP followed by size-exclusion chromatography. Fractions 1â€“9 are shown. Fractions 10â€“20 were not probed for PRPF19 owing to overlap with Flag antibody at this size range (Supplementary NoteÂ 4). g, RTâ€“qPCR measurements of NORAD 5â€² fragment (light grey) and full-length NORAD (dark grey) in rescue experiments using full-length and 5â€²-truncated NORAD rescue constructs. Measurements correspond to cells used for proximity ligation assays. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰6).


Extended Data Fig. 5 Analysis of alternative splicing and cell-cycle progression in NORAD depleted cells.
a, Venn diagram of significant splicing changes (percentage spliced in (PSI)Â >Â 20%; FDRâ€‰<â€‰0.05) in NORAD wild-type and knockdown cells at 24, 48 and 96 h (Supplementary TableÂ 6); 89,352, 88,529 and 84,340 events were analysed at 24, 48 and 96Â h, respectively. Only six events were consistent between two time points and none were consistent between all three time points b, RTâ€“qPCR measurements of NORAD 5â€² fragment (light grey) and full-length NORAD (dark grey) in rescue experiments using full-length and 5â€²-truncated NORAD rescue constructs. Measurements correspond to cells used in cell-cycle analysis. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰5 or 6). c, RTâ€“qPCR measurements of RBMX CRISPRi knockdown. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (nâ€‰=â€‰5). d, RTâ€“qPCR measurements of TOP1 RNA interference knockdown. Quantification relative to GAPDH. Values are meanâ€‰Â±â€‰standard deviation (TOP1 siRNA, nâ€‰=â€‰6; control siRNA, nâ€‰=â€‰5). e, Representative fluorescence-activated cell sorting histograms measuring EdU incorporation and DNA content in RBMX and NORAD CRISPRi knockdown and NORAD rescue cells. Percentage of cells in each cell-cycle phase is indicated. f, As in e, but for TOP1Â RNA interference knockdown cells.
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